the dietary antioxidative potential. Zhang et al. [9] also reported that supplementing ginger powder at a level of 5 g/kg improved the antioxidant status of broilers and that its efficacy in enhancing the antioxidant capacity was enhanced as the particle size decreased from 300 to 37 μm.
The dried roots of Astragalus membranaceus (AM), also known as Huangqi, is a traditional medicinal herb that originated in Northern China. In traditional Chinese medicine, AM is an important "qi tonifying" or adaptogenic herb and is often used in combination with other herbs, such as angelica, Paeonia lactiflora, and ginseng, to improve overall well-being [10] . Astragalus membranaceus has been reported to contain various bioactive compounds, including astragalosides, flavonoids, isoflavones, isoflavan, saponins, kumatakenin, choline, betaine, polysaccharides, and glucuronic acid [11] [12] [13] , and to possess antinociceptive [14] , anti-aging [15] , anti-infarction [16] , hepatoprotective [17] , immunomodulating [18] , anti-inflammatory [19] , and antitumor effects [20] . The increasing availability of AM because of the improved technology in Huangqi cultivation and production has made it possible to extend its use as a feed supplement to benefit animal and poultry health and production. Research conducted in our laboratory showed that dietary supplementation of AM improved growth performance and enhanced the antioxidant status and carcass quality of broiler chickens [21] . However, information on the effect of AM on laying hens is lacking. The objective of this study was to assess the effects of supplementing AM at different levels on the production performance and the serum and egg yolk antioxidant status of laying hens.
MATERIALS AND METHODS

Preparation of the AM Root Powder
One batch of fresh AM roots [22] was cleaned by rinsing with tap water to remove soil, dried at 65°C, and then ground to pass through a 300-μm screen to yield an AM powder (AMP). The AMP was stored in covered containers at ambient temperature (21 to 24°C) before being mixed into the diets.
Experimental Design, Birds, and Management
A 10-wk feeding experiment was conducted at the Research Station of Shandong Agricultural University, Tai-an, China. The animal care and use protocol was approved by the Shandong Agricultural University Animal Nutrition Research Institute. The experiment was a completely randomized design, with different levels of AMP supplementation as the treatments.
A total of 540 laying hens (Hy-Line Brown, 27 wk old) were randomly allocated into 20 feeding units (each with 9 cages in 3 levels, with 3 birds/cage) that were then randomly assigned to 4 dietary treatments (5 units/treatment). Each metal wire cage (46 × 50 × 44 cm) was equipped with an independent feeder and 2 nipple drinkers. Feeding units were located randomly inside a ventilated house. The house was maintained at a temperature of 22 ± 2°C and in a daily photoperiod of 16L:8D during the entire experimental period.
A corn-and soybean meal-based diet ( Table  1) that was formulated to meet or slightly exceed nutrient requirements [23] was left unmodified (control) or was supplemented with 5, 10, or 15 g/kg of diet above the prepared AMP (treatments denoted as AMP5, AMP10, and AMP15, respectively) by replacing equivalent amounts of wheat bran in the diet formulation. The AMP was first mixed with a premix, which was subsequently mixed with other dietary ingredients and then stored in covered containers before feeding. Experimental diets were made every 2 wk. The experiment lasted for a period of 10 wk and commenced after an adaptation period of 1 wk. All feeding conditions were the same between the adaptation and experimental periods. The diet was offered to the laying hens twice daily for ad libitum intake, and all hens had free access to water. Mortalities and health status of the experimental laying hens were visually observed and recorded daily throughout the entire experimental period.
Laying Performance
The feed residue in each feeding unit was weighed at the end of each feeding week to obtain the ADFI. The number of eggs from each feeding unit was recorded, and the weights of in-dividual eggs were measured daily to determine the daily egg mass (g/d per hen) and laying rate.
Assay of Antioxidant Status in the Egg Yolk and Serum
At wk 5 and 10 of the experiment (32 and 37 wk of the age), 15 eggs (3 per feed unit) were randomly chosen from each treatment to determine antioxidant activity of the egg yolk. On the same dates, 10 laying hens (2 per feed unit) were also randomly selected from each treatment, and a blood sample (5.0 mL) was taken from the wing vein of each hen into an nonheparinized tube for subsequent determination of antioxidant activity of the serum. The blood samples were allowed to clot at 37°C for 2 h and subsequently centrifuged [24] at 1,500 × g and 4°C for 10 min to obtain the serum, which was then stored at −20°C for analysis of the activities of total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), and concentration of malondialdehyde (MDA). Yolks of 3 eggs from each unit in each treatment were pooled and homogenized for 5 min with ice-cold isotonic physiological saline (0.154 mol/L; pH 7.4) at a ratio of 1:9. The homogenates were then centrifuged at 1,500 × g and 4°C for 10 min, and the supernatant was subjected to analysis for activity of T-SOD and for concentrations of protein and MDA.
All these determinations used spectrophotometric methods and followed the analytical instructions of kits [25], as described by Zhang et al. [9] . Enzyme activities and MDA content were expressed as units per milligram of protein for egg yolk and units per milliliter for serum. 
Data Calculation and Statistical Analyses
Average daily feed intake, egg mass, and FE (ADFI:egg mass) were calculated as the mean value of each unit over the 10-wk experimental period. Antioxidant parameters of egg yolk and serum on 2 sampling dates were calculated, and the mean was used for each sample. Data were analyzed statistically by one-way ANOVA using the GLM procedures of SAS [26] , with dietary concentration of AMP as the main treatment effect and the individual unit (5) as the statistical unit. The significance of difference among treatments was tested using LSMEANS with the PDIFF option of SAS [26] . Orthogonal polynomial contrasts were used to determine linear and quadratic responses of laying hens to AMP levels [26] . Significance and trends of significance were declared if P < 0.05 and P ≤ 0.1, respectively.
RESULTS AND DISCUSSION
Laying Performance
All laying hens were healthy, and no mortality was observed during the entire experimental period (data not shown). Average egg weight and ADFI over the 10-wk feeding period were similar among treatments. In contrast, laying rate and egg mass of birds were linearly increased (P = 0.044 and 0.019, respectively) and the ADFI:egg mass ratio tended (P = 0.097) to be linearly decreased as the levels of AMP increased from 5 to 15 g/kg of diet ( Table 2) .
The increased egg mass with AMP supplementation was due to the increased laying rate rather than the individual egg weight. Likewise, the tendency for improvement in feed conversion was mainly due to the increased egg mass rather than the effect on feed intake. However, it was not clear why inclusion of AMP led to a linear increase in laying rate.
Although AMP and its extract have been used as an immunomodulating agent in both humans and experimental animals and poultry for many years, little information is available on the effects of AMP as a feed additive on the laying performance of hens. Wang et al. [21] reported that AMP supplemented at a level of 10 g/kg had a growth-promoting effect on grower broilers (4 to 6 wk) but not for the entire experimental period, and the effect was dose-dependent. For piglets, Hu et al. [27] also reported the same growth-promoting effect of AMP prepared by using different comminution techniques. On the contrary, Ma et al. [28] reported that a diet containing 10 g/kg of AMP did not affect the growth rate of chickens. Therefore, the effects of AMP on animal and poultry growth performance may vary depending on the dietary concentration, particle size, and animal or bird species. Furthermore, supplementing the diets of laying hens with AMP up to a level of 15 g/kg of diet improved laying performance by improving egg mass and potentially improving FE.
Serum Antioxidant Status
Supplementing AMP up to a level of 15 g/kg of diet quadratically increased T-SOD (P < 0.01) and GSH-Px (P < 0.05) activities in the serum at wk 5, but not at wk 10 of the experiment ( Table   Table 2 . Effects of dietary supplementation of Astragalus membranaceus root powder (AMP) on laying hen performance during the 10-wk period of the feeding experiment (n = 5) 3). At wk 5, laying hens consuming diets AMP5 and AMP10 had higher (P < 0.05) serum T-SOD activities than laying hens consuming the control and AMP15 diets, whereas a difference in GSH-Px activities was observed only between the control and AMP10 diets (P < 0.05). Serum T-AOC was quadratically increased (P < 0.01) but the concentration of MDA was quadratically reduced (P < 0.05) with AMP supplementation at both wk 5 and 10 of the experiment. Compared with laying hens fed the control diet, all hens supplemented with AMP had a higher (P < 0.01) serum T-AOC activities at both wk 5 and 10 but a lower (P < 0.05) MDA concentration at wk 5.
The increased activities of T-SOD, GSH-Px, and T-AOC but reduced MDA concentration in the serum with AMP supplementation in this study indicated that AMP enhanced the antioxidant status of laying hen serum. This is consistent with the observation of Wang et al. [21] , who also reported increased activities of T-AOC (in both liver and serum) and GSH-Px (in liver) and a reduced MDA concentration in the serum of broilers resulting from dietary AMP supplementation at levels of 5, 10, and 15 g/kg. On the basis of these 2 studies, the optimal dietary level of AMP for improving the antioxidant status of serum would be between 5 and 10 g/kg of diet for both laying hens and broilers. It is well acknowledged that GSH-Px, superoxide dismutase, and catalase are 3 endogenous antioxidant enzymes constituting the antioxidant cellular enzymatic system [29] . Malondialdehyde is one of the end products of lipid peroxidation, and it can endogenously reflect the extent of lipid peroxidation [30] . Therefore, the higher activities of T-SOD and GSH-Px in the AMP-supplemented groups in this study may have resulted in a greater capacity of laying hens to scavenge free radicals and ROS and reduce the MDA concentration, as indicated by the lower extent of lipid peroxidation. In addition, on the basis of the increased level of T-AOC in the serum of AMP-supplemented hens, the increase in nonenzymatic antioxidant defenses also contributed to reducing endogenous lipid peroxidation and oxidation.
The enhanced serum antioxidant status with AMP supplementation in a dose-dependent manner was due to the combined action of antioxidant compounds in AMP. Astragalus membranaceus has been reported to contain varieties of naturally occurring compounds, such as polysaccharides, saponins, and flavonoids [31] [32] [33] . Astragalus polysaccharides have been reported to possess strong antioxidant and antitumor activities [34] . Yan et al. [35] reported that administration of AM polysaccharides at a rate of 40, 80, and 160 mg/kg of BW significantly increased serum and liver antioxidant enzyme activities in a dose-dependent manner and decreased lipid peroxidation levels in mice. It has also been demonstrated that flavonoids and saponins, which are bioactive compounds found in AMP, increased the antioxidant status by increasing endogenous antioxidants and scavenging free radicals [36, 37] . Further research is needed to determine the interaction of these AMP compounds in improving the antioxidant status of animals and poultry fed different diets.
Egg Yolk Antioxidant Status
Activity of T-SOD in the egg yolk was not affected by AMP supplemented at either wk 5 or 10, but concentration of MDA in the egg yolk was linearly and quadratically reduced (P < 0.001) by AMP at both wk 5 and 10 of the experiment (Table 4) . Egg yolks from all AMPsupplemented laying hens had lower (P < 0.001) concentrations of MDA at both wk 5 and 10 as compared with the control. This is consistent with the increase in serum antioxidant status with AMP observed in this study. Our results were also in agreement with the report of Sahin et al. [38] , who observed that egg yolk MDA concentrations of quail decreased linearly in response to an increase in the level of dietary resveratrol (another naturally occurring plant antioxidant compound). In numerous studies, a dose-dependent increase in egg yolk antioxidant content was observed in response to dietary antioxidants in poultry [39, 40] . Therefore, the enhanced antioxidant status of egg yolk in the AMP-supplemented groups can likely be attributed to the antioxidant compounds in AMP, as discussed above. Further studies are needed to elucidate the antioxidant mechanisms of AMP and to investigate the carryover effects of dietary AMP supplementation on product quality with respect to shelf life and its nutritive value for humans as a functional food.
CONCLUSIONS AND APPLICATIONS
1. Supplementing the diets of laying hens with AMP at levels up to 15 g/kg linearly increased laying rate and egg production but tended (P ≤ 0.1) to linearly improve FE without affecting ADFI and average egg weight during the 10-wk period of experiment. 2. Supplementing the diets of laying hens with AMP enhanced antioxidant enzyme activities and retarded lipid oxidation in the serum and egg yolk in a dose-dependent manner, with the optimal dietary AMP level being 5 to 10 g/kg of diet. 3. Therefore, AMP is a natural feed additive that has the potential to increase the laying performance of laying hens. Means within a row with different letters differ (P < 0.05). 1 Control, AMP5, AMP10, and AMP15 were laying hens fed the basal diet and the basal diet supplemented with AMP at a concentration of 5, 10, or 15 g/kg, respectively.
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